Hard coatings on relatively soft substrate always face the danger of debonding along the interface. Interfacial stresses are considered to be the initial driving force for the interfacial debonding of the relatively strong bonded coatings. Interfacial stresses due to the mismatch of strain between the coating and substrate are simulated with FEM firstly. The distribution of the interfacial stresses is achieved, which confirms an excessive stresses concentration near the interface end. Subsequently, the redistribution of interfacial stresses is calculated for a coating with periodic segmentation cracks. Results indicate that the distribution of interfacial stresses is altered greatly with the periodic segmentation cracks. To reveal the effect of the spacing of the periodic segmentation cracks on the distribution of interfacial stresses, different crack density is modeled within the coating. It is found that that the peak values of the interfacial stresses decrease with the increase of crack density, i.e. with reduction of spacing of segmentation cracks.
Introduction
Hard coatings are often applied to softer, ductile substrates in order to provide abrasion, corrosion or thermal shock resistance. Such coatings are usually brittle and may fail by cracking in coating and debonding between the coating and substrate. Cracking and debonding occurs when there is excessive strain mismatch between the coating and substrate due to imposed thermomechanical loads or residual stresses [1] [2] [3] . The combination of the two materials with mismatch of properties across the interface always results in concentration of interfacial stresses [4] , which will lead to initiation of debonding (as shown in Fig. 1 ). Fig. 1 shows that the interfacial cracking develops after the surface crack penetrate into the steel substrate. Note that the coating is electroplating chromium. The originations of such interfacial cracking are believed to be the result of the concentration of interfacial stresses. The concept to reduce the mismatch and then to decrease the interfacial stresses with all kinds of structure designs, such as multilayer coating etc., attracts the researchers for a long time.
Recently, Chen et al. [5] reported that pre-treating the substrate metal with discrete laser quenching before electroplating chromium, periodic segmentation cracks form in the coating, as shown in Figs. 2 and 3 . Here, segmentation cracks are named for the vertical cracks penetrating at least half of the coating thickness. Fig. 2 shows that segmentation cracks form within the coating corresponding to the period of the laser quenching, i.e. one segmentation crack develop within every space between two adjacent pre-quenched regions. To reveal it in detail, the first left segmentation crack in Fig. 2 is magnified in Fig. 3 . Surprisingly, the coatings with periodic segmentation cracks survived longer than intact ones, i.e. the former bearing more load cycles before debonding [5] . It is considered to be due to the beneficial effect of the periodical segmentation cracks on the interfacial debonding.
Actually, the positive effect of segmentation cracks has been reported for TBC by [6] [7] [8] . The columnar microstructure of some TBC provides a reduced stiffness in tension. Taylor [9] found that the initially cracked coatings have better thermal shock resistance than the initially perfect coatings. The effect of multiple cracking has also been studied for applications related to laminate composites by Schulz and Erdogan [10] . In their analytical study of periodic cracking of elastic coatings, they found that the surface stresses increase with the increase of crack spacing or substrate stiffness, and the decrease of crack length. The effect of the precracks in TBC on the interfacial cracks were simulated by Kokini et al. [11] and Zhou et al. [12] , in which the effects of the density of the surface cracks on the energy release rate of the interfacial cracks were mainly considered. In all of these studies on the effect of the periodic cracking, the interfacial cracking is taken as being in existence. This is consistent with the fact of those coatings being relatively weakly bonded, in which the interfacial damage arises even during fabrication. However, as for the relatively strong bonded coating, there is a long timespan before the interfacial cracking initiates. Thus, the effect of segmentation cracks within the perfectly bonded coating on the interfacial stresses should be paid sufficient attention, which are not found to be reported up to now.
In this study, the interfacial stresses due to the mismatch of strain between the coating and substrate are simulated with FEM firstly. Subsequently, the redistribution of interfacial stresses is analyzed for a periodically cracked coating. To reveal the effect of the spacing of the periodic segmentation cracks on the distribution of interfacial stresses, different crack densities are modeled within the coating. Finally, some discussions are provided to interpret the mechanism responsible for the above phenomena.
The interfacial stresses between coating and substrate

Analysis and numerical model
Due to the mismatch between the coating and substrate, the interfacial stresses will arise even if there are only loads in the plane paralleling to the interface. Aimed at the structure of the coating and substrate, a simple sketch is established as shown in Fig. 4 . It shows schematically the interfacial stresses near the free end due to in-plane load. This is simplified as a plane strain problem, in which only the strains within plane OXY are considered.
To simulate the state of the coating during cooling, a static uniform tension was exerted on the substrate. One can understand easily that there are always tensile normal stresses in the interface near the free end when the substrate is being elongated, which is required with the moment equilibrium.
The geometry model is shown in Fig. 5 , where L, t s and t c is the width of specimen, thicknesses of the substrate and coating, respectively. And the substrate was uniformly extended 0.1 mm at either end. The finite element model was created in ANSYS, in which about 60,000 elements are used. When the edge effect is considered, the mesh was refined near the free end. The materials parameters used in this study are shown in Table 1 . As the loads are self-equilibrated, no other constraints are required. Based on the assumption of perfect bonded along interface, the deformations crossing the interface meet the requirement of continuum in displacements. At the same time, the interfacial normal stress and interfacial shear stress should be identical for either coating or substrate, which is required by the continuity of the interfacial stresses for ideal perfect interface. 
Results and discussion
Fig . 6 shows the interfacial stresses near the free end, including interfacial normal stress and shear stress. Noting that σ is defined in the following expressions.
Where, E c and E s are the moduli of the coating and substrate metal, respectively. And ε s 0 , ε c 0 refer to the average strain of the substrate and coating in a free state, and the difference of which is named with ε. In this study, the average strain of the substrate is 3.33%, and that for the coating is 0. Thus, ε is 3.33%.
One can see that interfacial normal stress is prominent tension near the free end. And interfacial normal stress experiences compression farther away from the free end due to the state of static equilibrium. The shift law of the interfacial stresses is almost consistent with that of the analytic result by Zhang [14] , where the interfacial stresses between bonded beams are solved with series methods. In Zhang's solutions it is confirmed that the interfacial normal stress have a maximum value at the free end and decreases sharply till altering its sign. The interfacial normal stress, especially when it is tension, is generally believed to be the initial driving force for the interfacial debonding. Thus it is beneficial for the durability of the coating to decrease interfacial stresses by some means or other.
3. The effect of periodic segmentation cracks on interfacial stresses
The morphology of the periodic segmentation cracks
In order to investigate the effect of the periodic segmentation cracks on the interfacial debonding, the structures with different crack density, i.e. the spacing of cracks, are modeled. Preliminarily, the segmentation cracks running through whole thickness of the coating are analyzed. The series of crack density is 0, 1, 3, 5, 7, 9, 11, 23 cracks uniformly aligned within the coating, which segment the coating as 1, 2, 4, 6, 8, 10, 12, 24 fragments, respectively. The model is shown in Fig. 7 , which indicates that the width of the structure is 6 mm, and the displacement loading is 0.1 mm at either end of structure. It is simplified as a plane strain problem, i.e. only the strains within plane OXY are considered.
Similar to above analysis, the mesh near the free ends and crack tips is sufficiently refined to meet the accuracy requirement. The loading for every case is the same as mentioned above to study the interfacial stresses for the coatings of different densities of periodic segmentation cracks. In Fig. 7 , the focused zone enclosed with dashed ellipse notes where the maximums of the interfacial stresses probably emerge.
Results and discussion
The results indicate that there are multiple extremes of interfacial stresses along the interface when there are periodic segmentation cracks in the coating, and the extreme always corresponding to the zones around segmentation crack tips, as shown in Fig. 8 . This is for that every segmentation crack is accompanied with two free ends, which introduce concentration of interfacial stresses. The results shown in Fig.  8 correspond to the case when 3 periodic segmentation cracks in the coating are considered. Note that the abscissa for the curve presents half width of the structure only. It can be found that the maxima of the interfacial stresses are greatly less than that of the intact coating. Fig. 9 shows the maximum interfacial stresses versus the density of the segmentation cracks. The spacing (W) between every two adjacent segmentation cracks is determinate if the number (D) of the cracks is fixed. And the relationship between W and D is given by the equation
Where L denotes the total width of the model, which is 6 mm for this analysis. The maximum interfacial normal stresses decrease sharply with the decreasing of spacing, particularly before the spacing falls to 1.2 mm. It decreases about 53% in interfacial normal stress as the number of cracks increases from 0 to 5, i.e. spacing from 6 to 1.2 mm, and about 30% decrease in interfacial shear stress. The maximum interfacial stresses decrease more wildly after the density of cracks is greater than 9 per 6 mm. This means that once the density of cracks reaches a threshold for special structure, the decrease rate of the maximum interfacial stresses will slow down.
The beneficial effect of the periodic segmentation cracks on the interfacial stresses, according to the present study, may be partly due to the decrease of the macroscopic stiffness of the coating so that it can endure more strain mismatch. The existence of the threshold also indicates that the positive effect is finite for a given structure and loading level.
Conclusions
1. For coating bearing thermal shock, there are always interfacial normal tensile stresses at the interface during cooling. The interfacial stresses are prominent near the free end, which may be the initial driving force for interfacial debonding. 2. Periodic segmentation cracking in the coating can decrease the macroscopic stiffness of the structure, so that the coating can endure more strain mismatch. The thermal shock resistance of the coating may be improved with pre-producing periodic segmentation cracks in the coating. 3. The maximum interfacial stresses decrease sharply with the increase of crack density at the beginning. However, once the density of segmentation cracks reaches a threshold for a given structure and loading level, the shift rate of the maximum interfacial stresses will slow down.
